Since their discovery almost a century ago, the functions of the cerebrospinal-fluid-contacting neurons have remained elusive: a new study paves the way towards understanding how these unusual spinal cord neurons regulate motor activity.
The primary function of the nervous system is to receive, process and respond to environmental stimuli. For most animals, responding involves movement, and in vertebrates movements are driven by networks of spinal cord neurons termed central pattern generators (CPGs). Several decades of research have provided a solid understanding of how CPG elements contribute to locomotor production [1] . But one particular class of spinal neuron, termed the 'cerebrospinalfluid-contacting neuron' (CSF-cN), has puzzled researchers for almost a century. The CSF-cNs are a population of evolutionarily conserved, GABA-releasing neurons with relatively short axons that project anteriorly through the ventral aspect of the spinal cord [2] [3] [4] . An intriguing feature of these cells is that their somas extend apical processes into the central canal which end in ciliated tufts that lie in direct contact with the cerebrospinal fluid (CSF). This unique anatomical characteristic, coupled with the observation that CSF-cNs express sensory transduction proteins, such as PDK2L1 and P2X receptors [2, 5] , suggests they serve to modify CPG parameters in response to changes in CSF composition or flow.
So why do we know so little about the function of these curious cells?
Historically it has been difficult to access CSF-cNs for study as they are nestled deep within the spinal cord next to the central canal and have, until recently, lacked unique genetic markers. These hurdles were overcome in 2009, when Wyart and colleagues [6] selectively expressed the Gal4 driver in CSF-cNs of zebrafish larvae. By driving expression of a light-gated glutamate receptor in this line, the authors demonstrated that optical stimulation of CSF-cNs evoked low frequency swimming behaviour, suggesting that GABA released by these cells somehow activates the spinal CPG. However, the circuit-level basis of this effect was not studied. Now, in this issue of Current Biology, Fidelin et al. [7] report how they used transgenic zebrafish to delineate the synaptic targets of CSF-cNs, thereby building a more nuanced picture of their role in CPG regulation. By employing an elegant suite of cutting-edge methods, the authors demonstrate that CSF-cNs synapse directly onto spinal neurons that are dedicated to the generation of lowfrequency swimming, and that the behavioural outcomes of CSF-cN stimulation are highly context-dependent.
In order to understand how CSF-cNs influence motor output, one must first identify the CPG elements that these cells synapse with. By expressing GFP-tagged synaptophysin in CSF-cNs, Fidelin et al. [7] were able to trace nerve terminals emanating from their axons. In doing so they found that presynaptic CSF-cN terminals are restricted to a relatively narrow domain of the ventral spinal cord that is known to be occupied by V0-v interneurons, a population of glutamatergic CPG neurons that drive low-frequency swimming [8, 9] . Could these be the principal synaptic targets of the CSF-cNs? To address this question, the authors generated transgenic zebrafish that express fluorescent reporters in CSF-cNs and DsRed in glutamatergic neurons. Fluorescent imaging of these fish revealed that presynaptic CSF-cN varicosities (which likely represent nerve terminals) localise in close apposition to V0-v cell bodies.
So far so good, but do these points of contact really represent sites of GABA release? To test for functional connectivity, Fidelin et al. [7] expressed channelrhodopsin, a light-gated ion channel, in CSF-cNs and performed targeted patch clamp recordings from V0-v cells. As expected from their anatomical studies, optical stimulation of CSF-cN populations evoked fast synaptic GABA currents in V0-vs, thereby providing direct evidence for synaptic connectivity between these cell populations.
Armed with the knowledge that CSF-cNs synapse directly onto a population of CPG neurons that are active during slow swimming ( Figure 1A) , Fidelin et al. [7] conducted an elegant series of experiments to determine how CSF-cNs influence motor activity under different behavioural contexts. As expected from previous findings [6] , optical stimulation of channelrhodopsin-expressing CSF-cNs in resting larvae evoked bouts of slow swimming activity, as revealed by monitoring ventral root output in awake, paralysed larvae. However, they observed a completely different outcome when CSF-cNs were stimulated during naturally-occurring slow swim episodes: in these instances, motor activity was abruptly silenced (Figure 1B) . This remarkable finding suggests that a single cell class can exert opposing, contextdependent effects over CPG components that drive slow swimming behaviour.
In an effort to determine whether the silencing of naturally-occurring motor activity arose from CSF-cN-mediated inhibition of the V0-v cells, Fidelin et al. [7] optogenetically stimulated CSF-cNs during episodes of spontaneous V0-v spiking. Under these conditions, CSF-cN stimulation was sufficient to terminate spike output, suggesting that GABA released from these cells can indeed silence V0-v activity. However, this observation did not preclude the possibility that other downstream neurons (such as motor neurons) were also directly inhibited by CSF-cNs.
Fidelin et al. [7] were aware from previous studies [8] that V0-vs possess long descending axons which synapse onto more posterior V0-vs and motor neurons. Because of this arrangement, the majority of the excitatory drive for slow swimming likely arises from anteriorly located V0-v cells [9] . As CSF-cNs form synapses with long range descending interneurons, the selective activation of anterior, but not posterior, CSF-cNs should be sufficient to inhibit ongoing locomotor activity. To test this hypothesis, the authors optogenetically activated CSF-cNs in each of these regions whilst simultaneously recording naturally-occurring slow swimming from ventral roots. They found that activation of posterior CSF-cNs had little effect on motor output while activation of anterior CSF-cNs silenced ventral root activity along the trunk, suggesting that CSF-cNs mainly inhibit the premotor interneurons.
Whilst these elegant studies shed important new light on CSF-cNs in the context of CPG control, they also raise a number of interesting questions. One outstanding issue is how CSF-cNs are able to exert opposing effects on the CPG. Classically, GABA is considered to be an inhibitory transmitter, so the observed silencing of V0-v interneurons during locomotion likely arises from straightforward inhibition. However, their ability to trigger swimming in the resting network is more difficult to reconcile with the effects of inhibitory GABA signalling. Fidelin et al. [7] envisage that postinhibitory rebound might underpin this effect. This phenomenon, which causes membrane depolarisation following a period of inhibition, is known to trigger spike activity in neurons within CPGs of other species [10] [11] [12] and it is certainly possible that a build-up of GABAergic inhibition is sufficient to trigger postinhibitory rebound in zebrafish neurons that drive slow swimming.
Other possibilities merit consideration, however. For example, in some cells GABA has complex effects, depolarising cells at rest but shunting the membrane and depressing firing when cells are excited [13, 14] . Such a phenomenon could underpin GABAs context-dependent effects on the spinal network. Alternatively, the excitatory actions of CSF-cNs could arise from metabotropic GABA B receptor activation or co-release of neuropeptides that are known to be expressed by these cells [6] . One other possibility is that CSF-cNs may also synapse with other spinal neurons which may exert opposing influences over CPG activity.
Another outstanding issue is that the physiological stimuli responsible for driving CSF-cN activity remain unknown. The experiments detailed in the current study relied on optogenetic methods to artificially stimulate CSF-cNs so we still know little about the natural physiological conditions that lead to their activation. With their ciliated CSF-contacting projections, these cells are uniquely positioned to modify CPG parameters in response to changes in CSF composition or flow. With the powerful suite of optogenetic, physiological, imaging and behavioural methods now available to zebrafish researchers, a holistic understanding of this intriguing cell class is well within reach.
